GH3 proteins control auxin homeostasis by inactivating excess auxin as conjugates of amino acids and sugars and thereby controlling cellular bioactive auxin. Since auxin regulates many aspects of plant growth and development, regulated expression of these genes offers a mechanism to control various developmental processes. OsMGH3/OsGH3-8 is expressed abundantly in rice florets and is regulated by two related and redundant transcription factors, OsMADS1 and OsMADS6, but its contribution to flower development is not known. We functionally characterize OsMGH3 by overexpression and knock-down analysis and show a partial overlap in these phenotypes with that of mutants in OsMADS1 and OsMADS6. The overexpression of OsMGH3 during the vegetative phase affects the overall plant architecture, whereas its inflorescence-specific overexpression creates short panicles with reduced branching, resembling in part the effects of OsMADS1 overexpression. In contrast, the down-regulation of endogenous OsMGH3 caused phenotypes consistent with auxin overproduction or activated signaling, such as ectopic rooting from aerial nodes. Florets in OsMGH3 knock-down plants were affected in carpel development and pollen viability, both of which reduced fertility. Some of these floret phenotypes are similar to osmads6 mutants. Taken together, we provide evidence for the functional significance of auxin homeostasis and its transcriptional regulation during rice panicle branching and floret organ development.
Introduction
Auxin plays a central role in nearly all aspects of plant growth and development. The final molecular and cellular outcome of auxin signaling in a specific tissue/spatially localized domain depends very critically on the level of its biologically active pool. This is mostly regulated by a homeostasis between its biosynthesis and inactivation. The significance of auxin homeostasis is underscored by the finding that in Arabidopsis $99% of the IAA pool is maintained in the conjugated inactive form generated by various GH3 proteins, and only 1% of IAA occurs as the biologically active form (Woodward and Bartel 2005) . Thus, regulated expression of GH3 factors can contribute to auxin signaling and these genes are ideal targets for transcription regulators to execute their developmental functions. An example is the case where two closely related and redundant transcription factors, OsMADS1 and OsMADS6, regulate the expression of a GH3 gene family member, OsMGH3 (also called OsGH3-8) during development of rice florets (Prasad et al. 2005 , Zhang et al. 2010 .
The members of the GH3 family are known to inactivate auxin by conjugating them with amino acids to maintain auxin homeostasis (Staswick et al. 2005) . In Arabidopsis they are also known to adenylate other plant hormones such as jasmonic acid and salicylic acid (Staswick et al. 2002) . The Arabidopsis genome encodes 20 GH3 proteins, whereas in rice only 12 GH3 members have been identified Guilfoyle 2002, Jain et al. 2006a ). These genes are classified into three groups based on their predicted protein structure and their substrate specificity (Staswick et al. 2002 , Staswick et al. 2005 . Group I members adenylate jasmonic acid (Staswick et al. 2002) and consist of six members, two from Arabidopsis and four from rice. Group II has 15 members, eight from Arabidopsis and seven from rice, and they encode IAA-amido synthetases (Staswick et al. 2005) . No rice group III GH3 gene is known but an orphan gene exists, which has not been assigned to any group (Jain et al. 2006a) . Dominant gain-of-function mutations in two Arabidopsis group II GH3 genes, dfl1-D and ydk1-D, reduce free auxin levels by conjugating them to amino acids and create dwarf plants with reduced apical dominance, reduced lateral rooting and short hypocotyls (Nakazawa et al. 2001 , Takase et al. 2004 , Staswick et al. 2005 . AtGH3.9 regulates primary root growth (Khan and Stone 2007) , whereas AtGH3.5 and AtGH3.12 regulate the salicylic acid-dependent defense response during Arabidopsis-Pseudomonas syringae interaction (Nobuta et al. 2007 , Zhang et al. 2007 . Despite the role of GH3 members in various aspects of plant development, their functions in flower development are not well documented for any member of this gene family.
Rice GH3 genes are expressed at varying levels in various wild-type tissues and organs, with the transcript levels for OsGH3-1, 2, 3, 4, 5, 7, 8 and 11 being the highest in flowers (Jain et al. 2006a ). The expression of six GH3 genes is de-regulated in OsMADS1 mutant panicles as seen in our analysis of transcript levels using whole-genome microarrays (Prasad et al. 2005 , S. R. Yadav, I. Khanday and U. Vijayraghavan, unpublished data). OsMGH3 (OsGH3-8) is a member of group II GH3 proteins whose closest Arabidopsis sequence homolog AtGH3.2 functions as a negative component in auxin signaling by regulating auxin level and activity (Takase et al. 2004 , Staswick et al. 2005 ). OsMGH3/OsGH3-8 (hence forth referred to as OsMGH3) is one amongst this family of genes whose expression is reduced in dsRNAi (double-stranded RNA interference) OsMADS1 panicles and in osmads6 mutant flowers (Prasad et al. 2005 , Zhang et al. 2010 . The expression domain of OsMGH3 overlaps with that of OsMADS1 at early stages of floret development. In florets at later stages of development with differentiating organs, its expression overlaps more with OsMADS6 (Prasad et al. 2005 , Li et al. 2010 , Zhang et al. 2010 ). In the current study, we present our investigation on the function of OsMGH3 by its developmentally regulated overexpression in both vegetative and reproductive rice tissues and its RNAi-mediated down-regulation in rice panicles, and show that OsMGH3 contributes to later events in stamen and carpel differentiation and thereby influences floret fertility.
Results

Gain-of-function phenotypes obtained by ubiquitous overexpression of OsMGH3 in transgenic rice
OsMGH3 is a member of a gene family that is expressed in various rice tissues, with its transcript levels being highest in flowers. Its low level expression in coleoptile segments can be induced upon auxin treatment (Jain et al. 2006a) . As OsMGH3 transcript levels are down-regulated in dsRNAiOsMADS1 panicles and in osmads6 mutant flowers, and also because its expression domain overlaps with that of both OsMADS1 and OsMADS6, we have used this gene for functional analysis.
To investigate the phenotypic consequences of ubiquitous overexpression of OsMGH3, we cloned the OsMGH3 full-length cDNA (2.2 kb) in a rice expression vector (pUN) so as to transcribe this gene from the maize ubiquitin promoter and enhancer sequences ( Fig. 1A ; Prasad et al. 2001) . Transgenic calluses overexpressing OsMGH3 grew well on callus selection and proliferation medium that contains hygromycin for selection and which is high in auxin (2,4-D). However, once these hygromycin-resistant calluses were transferred to a different medium for regeneration of plantlets, we observed a high degree of recalcitrancy. In this medium with reduced auxin and high cytokinin, the transgenic calluses did not regenerate shoots. From multiple rounds of callus transformation experiments we obtained only five very rare events out of $1,000 calluses where shoots were regenerated. Therefore, there was a large reduction in the regeneration efficiency of these calluses. These shoots produced extremely dwarf plants that were half to one-fifth the height of control vector-transformed plants (Fig. 1B-D) . Four of these lines with severe phenotypes have reduced apical dominance and never attained flowering. Similar vegetative phenotypes were also observed on OsGH3-8 overexpression in a pathogen-susceptible cultivar of rice (Ding et al. 2008) . One of our lines was a semi-dwarf (line #4) with a relatively lower level of OsMGH3 overexpression. This line underwent vegetative to reproductive phase transition to produce a short panicle with reduced branching (Fig. 1D, E) . The overexpression of OsMGH3 in the leaves of these transgenics was confirmed by quantitative reverse transcription-PCR (RT-PCR) ( Fig. 1E ) and Northern analysis (data not shown).
In wild-type leaf blades, OsMGH3 transcripts are detectable only at a very low level, in contrast to the high levels of transcripts in these transgenic lines (Fig. 1E) . The phenotypic severity of developmental defects is correlated with the degree of overexpression of OsMGH3 as transgenic lines #1 and 2 with the strong vegetative phenotypes and non-flowering status have higher transcript levels of OsMGH3 compared with line #4 with a less affected vegetative and reproductive development (Fig. 1E ).
Phenotypic consequences of regulated overexpression of OsMGH3 in vegetative tissues
Ectopic overexpression of OsMGH3 was also obtained by driving expression from promoters/enhancers of two other rice genes, RFL and OsMADS1. The RFL genomic sequences from À3,027 kb to +2,361 without intron 1 (RFLDI1) or the RFL basal promoter (À544 to +1) with intragenic sequences (+973 to +2,361, including intron 2 with enhancer elements; RFLI2B) are known to drive a high level of reporter expression in the compact basal nodes and internodes of young seedlings (Rao et al. 2008) . These cis-regulatory elements were used to overexpress OsMGH3 ( Fig. 2A, B ). Fifteen and 10 independent transgenic lines were analyzed for these constructs, respectively. All of these plants were dwarf, with an increased number of nodes and reduced internode length ( Fig. 2C-E) . Wild-type plants have four nodes (Fig. 2D ) which were increased up to eight in the RFLI2B:OsMGH3 transgenic plants of similar age (Fig. 2E) . Plant height in RFLDI1:OsMGH3 transgenics was more severely compromised as compared with the RFLI2B:OsMGH3 transgenics (Fig. 2C, Supplementary Fig. S1 ).
Yet another cis-regulatory element that we employed for meristem targeted overexpression of OsMGH3 was from the OsMADS1 genomic locus extending from À3.9 kb to +1 sequences (R. Kartha and U. Vijayraghavan, unpublished data; Fig. 3A ). Twenty-five of these transgenic lines were preliminarily characterized for plant height. These OsM1:OsMGH3 transgenic plants were also dwarfed as compared with the wild type (Fig. 3B, C) . The vegetative shoot apical meristems (SAMs; 40 d old) from three of these lines were tested for overexpression of OsMGH3, and these data confirm the elevated levels of OsMGH3 in these meristems (Fig. 3D) . These phenotypes suggest that the auxin response is reduced in OsMGH3-overexpressing tissues even when driven by rice promoters/ enhancers that are not ubiquitous. The likely predicted outcome of auxin inactivation could be decreased auxin signaling. This was tested by measuring the transcript level of an early target of auxin signaling, OsIAA14 (Jain et al. 2006b ). The expression of OsIAA14 is significantly reduced in the transgenic SAM tissues which overexpress OsMGH3 as compared with wild-type tissues of the same age (Fig. 3D, E) . These results show that ectopic overexpression of OsMGH3 during vegetative development alters auxin signaling and creates auxin-deficient phenotypes. These data explain the significance of the low levels of OsMGH3 expression that are seen during vegetative growth of wild-type rice plants.
Overexpression of OsMGH3 during panicle development affects panicle architecture
Overexpression of OsMADS1 creates panicles of reduced length with irregularly positioned primary rachis branches (prbs), secondary rachis branches (srbs) and short branches, i.e. spikelets (Prasad et al. 2001) . These developmental derangements contribute to the compact appearance of panicles with tightly packed irregular spikelets (Prasad et al. 2001) . To understand if these effects of OsMADS1 overexpression share any similarity with effects of overexpression of OsMGH3 during panicle development, we examined the panicles formed on the transgenics where OsMGH3 overexpression is driven by the previously mentioned cis-regulatory elements from RFL and OsMADS1 loci. RFL regulatory elements drive high level reporter expression in the emerging primary panicle rachis and in panicle branches (Prasad et al. 2003) . As these panicle tissues do not express endogenous OsMGH3 transcripts (Prasad et al. 2005) we anticipated that the phenotypic consequences of its ectopic expression in these tissues can be deciphered. About 12-15 RFLDI1:OsMGH3 transgenic plants phenotypically studied for plant height (see above) were examined for panicle characteristics. The panicles in these OsMGH3-overexpressing lines were severely affected. The panicle length varied from 2 to 7 cm, which is notably shorter than the 12-15 cm panicle of wild-type plants ( Fig. 4A-D) . Further, the number and the length of panicle primary and secondary branches were also severely affected. The strongest phenotypes were panicles that are only 2-3 cm long and with 0-1 prbs ( Fig. 4B ) with very few infertile florets, as opposed to 6-8 prbs produced in wild-type panicles ( Fig. 4A) . In OsMGH3-overexpressing lines with moderate vegetative phenotypes (RFLI2B:OsMGH3 and OsM1:OsMGH3) the panicle length defects were less severe, with the length of the main rachis being about 5-7 cm, with 1-3 prbs and 1-2 srbs being formed (Fig. 4C, D) . The effects on panicle morphology were correlated with ectopically expressed OsMGH3 transcript levels in panicles of OsM1:OsMGH3 transgenic lines. Lines with weak panicle defects, e.g. lines #17 and 37, express lower levels of OsMGH3 transcripts (Fig. 4E , line #17) as compared with line #21 with moderate phenotypic defects and higher levels of expression ( Fig. 4E ). Interestingly both phenotypically moderately affected line #21 and less affected line #37 have single copy insertions of the transgene ( Supplementary Fig. S2 ), suggesting that levels of expression of transgene are also probably affected by the locus of integration. Taken together, overexpression of OsMGH3 during panicle specification and development affects panicle length and branching, displaying phenotypes that were to some extent similar to those observed upon OsMADS1 overexpression. Given that the GH3 family of proteins inactivate cellular auxin (Staswick et al. 2005) , our data reinforce the importance of regulating available auxin during development of lateral meristems into branches and hence in controlling panicle architecture.
Overexpression of OsMGH3 in rice spikelets
OsMGH3 transcripts are expressed at high levels in young floret meristems formed on prbs and srbs of the panicles. In florets, its continued expression is observed during specification and differentiation of the lodicule, stamens and carpels, but expression is reduced in developing lemma/palea (Prasad et al. 2005) . To examine the effect of OsMGH3 overexpression in floral meristems and some of these floret organs, we cloned OsMGH3 cDNA under the transcriptional control of 3.9 kb OsMADS1 upstream sequences (R. Kartha and U. Vijayraghavan, unpublished data, Fig. 3A ). This promoter element would overexpress OsMGH3 in floret meristem and in the developing lemma/palea even during later stages of their differentiation. Transgenic plants harboring the p1380 OsM1:OsMGH3 construct had reduced panicle length and branching ( Fig. 4D) and an elevated expression level of OsMGH3 (Fig. 4E) . However, there are no changes in floral organ number or in organ identity in these OsM1:OsMGH3 florets. Importantly, the lemma and palea of these florets are normal, although they express higher than normal levels of OsMGH3 transcripts (Fig. 4F) . Despite their apparently normal morphology, most of the florets did not set seeds (data not shown). Hence overexpression of OsMGH3 during floret development does not have any major effect on organ primordia formation or organ identity, but affects fertility.
Down-regulation of OsMGH3 shows auxin overproduction phenotypes in vegetative tissues
To better understand the contribution of OsMGH3 for floret specification and development on spikelet meristems, we used a complementary approach to down-regulate the expression of endogenous OsMGH3 using dsRNAi. Two different regions of OsMGH3 cDNA were chosen for ubiquitous expression of transgenic hairpin RNAs ( Supplementary  Fig. S3A ). In the first construct, dsRNAiOsMGH3-5 0 , we used a gene-specific 170 bp fragment encoding the 144 nucleotide 5 0 -untranslated region (UTR) and first 26 nucleotides of the OsMGH3 open reading frame (ORF) ( Supplementary  Fig. S3A , B) to down-regulate OsMGH3 expression, whereas the second construct called dsRNAiOsMGH3-m was designed to express hairpin RNAs from a 636 bp fragment comprising the central region of the ORF ( Supplementary Fig. S3A, B) . In independent transgenic lines for both the constructs, we observe variable degrees of OsMGH3 down-regulation and phenotypic consequences. In contrast to the dwarfed phenotype seen on overexpression, dsRNAiOsMGH3 plants were on average $1.5 times taller than the average wild-type plants (data not shown). This was due to greater internode elongation in OsMGH3 knock-down plants compared with wild-type plants. The basal internodes closer to crown roots elongate $4 times more than the corresponding node in wild-type regenerated plants (Fig. 5A, B) . The upper internodes were less affected. Interestingly, we observed ectopic root formation from aerial nodes other than crown nodes (Fig. 5B) . These phenotypes were also observed when a rice auxin biosynthetic gene OsYUCCA1 was overexpressed in transgenic rice wherein overproduction of IAA is expected (Yamamoto et al. 2007 ). These results suggest that OsMGH3 downregulated lines have increased auxin levels and/or auxin response. OsMGH3 knock-down affects carpel growth and floret fertility Since OsMGH3 transcripts are down-regulated in florets of OsMADS1 knock-down panicles, we analyzed the effects of OsMGH3 down-regulation during rice floret development. We analyzed 10 transgenic lines harboring dsRNAiOsMGH3-5 0 , several of them with single copy transgene integration and one line with multicopy transgene insertion ( Supplementary Fig. S3C) , and eight lines with the dsRNAiOsMGH3-m construct. We did not observe any significant change in flowering time, panicle length or branching in these dsRNAiOsMGH3 transgenics, in contast to the branching defects of overexpression lines. During early stages of floret organ specification and development, all the spikelets and florets in dsRNAiOsMGH3 panicles are indistinguishable from wild-type spikelets and florets. However, certain phenotypes were evident in mature florets of most (70-80%) independently raised transgenic lines. In the fully emerged panicles of OsMGH3 knock-down transgenics, where endogenous OsMGH3 transcripts are nearly undetectable, e.g. lines #1, #5, #24 and #31 (Fig. 5I, Supplementary  Fig. S3D ), the majority of florets, i.e. 50-70%, remain uncharacteristically opened (Fig. 5C, D) and did not produce fertile seeds. Similar phenotypes are also reported in osmads6 mutant flowers (Zhang et al. 2010) . A minor fraction of the spikelets (20-30%) had closed florets as in the wild type, but had very poor seed setting (data not shown). Only 5-10% of florets formed fertile seeds; thus there was an overall large reduction in fertility. On closer observation of the open florets, we noticed that about 10-20% had enlarged carpels, which protrude out of the floret before anthesis (Fig. 5E-H) . Such enlarged carpel phenotypes are similar to those described for the Arabidopsis ettin and arf2 mutants which are mutants in auxin response factors (ARFs) that are potential upstream transcription factors regulating expression of several auxin-responsive genes (Sessions et al. 1997 , Okushima et al. 2005 . The extent of down-regulation of OsMGH3 was estimated by Northern blot analysis of RNA from dsRNAiOsMGH3 panicles. The OsMGH3 transcripts were almost undetectable in the panicles of transgenic lines #1, #5, #24 and #31 harboring the dsRNAiOsMGH3-5 0 construct which showed strong floret and carpel phenotypes. In similarly staged wild-type panicles, Northern blot analysis clearly detects abundant OsMGH3 transcripts (Fig. 5I) .
dsRNAiOsMGH3 panicles
OsMGH3
To understand the cause of low fertility of OsMGH3 knock-down lines, that is seen even in florets with apparently normal floral organs, we examined anther dehiscence and pollen viability. Auxin homeostasis has been reported to play a role in development of anthers and their dehiscence (Feng et al. 2006 . Scanning electron microscopy revealed that anther dehiscence was defective in stamens of dsRNAiOsMGH3-5 0 transgenic lines, which were confirmed by Northern blot to be complete or near complete knock-downs (Fig. 6A, B) . Anther dehiscence and the release of pollen grains were seen in wild-type florets (Fig. 6A ). This contrasts with the closed anthers with no released pollen in florets of OsMGH3 knock-down plants that are at the same developmental stage (Fig. 6B) . Further, about 80% pollen grains from wild-type anthers were viable (Fig. 6C, E) and this was reduced to about 20% in pollen grains from these dsRNAiOsMGH3 anthers (Fig. 6D, E) . These results indicate that a defect in anther dehiscence and low pollen viability may account, to a certain extent, for the low fertility of dsRNAiOsMGH3 plants. Taken together, these data suggest that OsMGH3 contributes to carpel and anther development and affects floret fertility by regulating the auxin level and/or response.
Auxin responsiveness of the OsMGH3 promoter
The expression of members of the GH3 family including OsMGH3 is transcriptionally induced upon auxin treatment of vegetative tissues such as coleoptiles (Jain et al. 2006a ). The auxin-mediated transcriptional activation of such auxinresponsive genes is regulated by the ARF class of transcription factors which bind to auxin-responsive elements (AuxREs) in their promoters (Ulmasov et al. 1999 ). The OsMGH3 promoter has one AuxRE positioned 514 bp upstream of the start codon. We analyzed the contribution of this cis-element for auxininduced expression of OsMGH3. The 550 bp sequence upstream of the OsMGH3 ORF that contains the AuxRE was translationally fused to the reporter gene uidA [b-glucuronidase (GUS)] in the construct URG550::uidA(GUS) (Fig. 7A) . In parallel, another construct with the À230 bp upstream sequence which lacks the AuxRE were fused to uidA in the URG230::uidA(GUS) construct (Fig. 7B) . Transgenic plants were raised for both the constructs, and T 1 plants were tested for auxin-induced expression of the reporter. The endogenous auxins were depleted from excised root explants from wild-type, URG550::uidA(GUS) and URG230::uidA(GUS) transgenic plants, following which the tissues were treated with 30 mM 2,4-D for 3 h. Transcript levels for the uidA(GUS) reporter were measured by semi-quantitative RT-PCR, where 2.5-fold higher levels of uidA(GUS) transcripts are detected in the auxin-treated roots of URG550::uidA(GUS) plants as compared with mock-treated roots (Fig. 7C, D) . The URG230::uidA(GUS) explants showed a lower level of induced expression of the reporter (Fig. 7C, D) . In contrast, the auxin-mediated induction of transcription of the endogenous OsMGH3 gene was similar in explants from all the plants (Fig. 7C, D) . These data suggest that the auxin-induced OsMGH3 transcription is partially mediated through the AuxRE in its proximal promoter and this cis-element provides a link for its indirect regulation by OsMADS1.
Discussion
The combined effect and interactions between different hormonal signaling pathways often control developmental processes. The effects of auxin on gene expression are best characterized amongst all other hormone-dependent gene expression cascades. A large body of research on the effects of auxin on physiology and development show that auxin is involved either directly or indirectly in virtually all aspects of plant development (Hagen and Guilfoyle 2002 , Delker et al. 2008 , Teale et al. 2008 .
Auxins are biologically synthesized by various independent and interdependent biosynthetic pathways in various parts of the plant. The enzymes catalyzing crucial and rate-limiting steps of these biosynthetic pathways are usually encoded by gene families rather than by a single gene even in Arabidopsis (Delker et al. 2008 ). The YUCCA gene family members that encode flavin mono-oxygenase-like enzymes are important auxin biosynthetic genes in Arabidopsis (Zhao et al. 2001 ). These genes function redundantly, as a single mutant in an Arabidopsis thaliana YUCCA gene did not display any obvious developmental defect, but double, triple and quadruple mutants among four Arabidopsis YUCCA genes show varied defects in floral patterning, vascular development and other developmental processes (Cheng et al. 2006 , Cheng et al. 2007 ). These observations are further supported by studies of the Petunia mutant floozy which also encodes a flavin monooxygenase-like protein (Tobena-Santamarea et al. 2002) . In the fzy mutant, organ development is arrested in the three outermost floral whorls and, in addition, the development of one of the two bracts that subtend the flower is also blocked early in its development. These data show that regulated biogenesis of auxins during floral organ development is a critical parameter for organ differentiation. These findings are also supported by the presence of cellular auxin storage and inactivation mechanisms that can fine-tune the hormone concentration and thereby influence auxin homeostasis during plant growth and development (Delker et al. 2008) .
Not only are biological phenotypes observed for mutants in enzymes in auxin biosynthesis, but recent studies show that dynamic fluxes in local auxin homeostasis can play roles in growth and development, stress response and pathogen interaction (Woodward and Bartel 2005 , Nobuta et al. 2007 , Park et al. 2007 , Zhang et al. 2007 . Cells store excess auxin in its inactivated form as conjugates with sugars, amino acids, peptides or proteins. These intracellular pools can provide free auxin upon hydrolysis or b-oxidation (Woodward and Bartel 2005) . Arabidopsis maintains about 90% of IAA in amide-linked forms, about 10% as ester-linked conjugates and only 1% IAA occurs in the free form (Woodward and Bartel 2005) . Members of group II of the GH3 family conjugate IAA to amino acids or other biochemical adducts (Staswick et al. 2002 , Staswick et al. 2005 . The expression of GH3 family genes is inducible by increased concentrations of free auxin, thereby creating a negative feedback loop that prevents accumulation of excess free auxins (Jain et al. 2006a , Delker et al. 2008 . Mutants in the genes of this family show various auxin overproduction or deficiency phenotypes in A. thaliana (Takase et al. 2004, Woodward and . For example, dominant gain-offunction mutations in two Arabidopsis GH3 family genes, dfl1-D and ydk1-D, create dwarf plants with reduced apical dominance, reduced lateral rooting and short hypocotyls (Nakazawa et al. 2001 , Takase et al. 2004 . These phenotypes are consistent with physiologically reduced free auxins level and correlate with the elevated IAA-aspartate conjugates detected in the dfl1-D mutant (Staswick et al. 2005 ).
The expression of GH3 genes is transcriptionally regulated by several tissue-specific master transcriptional regulators, underscoring the importance of controlling bioactive auxin levels in specific tissues. Previous studies have shown that two closely related rice MADS-domain transcription factors, OsMADS1 and OsMADS6, affect the expression of a common downstream target gene, OsMGH3/OsGH3-8 (Prasad et al. 2005 , Zhang et al. 2010 . The expression domain of OsMGH3 completely overlaps with the uniform expression of OsMADS1 in early floret meristems. However, the OsMGH3 expression pattern in developmentally slightly later stage florets is more similar to the distribution pattern of OsMADS6 (Prasad et al. 2005 , Li et al. 2010 , Zhang et al. 2010 . Through our functional analyses of OsMGH3, a group II GH3 member, we provide evidence for the importance of auxin homeostasis during rice plant development and floral organ differentiation. A recent report has shown, by employing overexpression studies, that OsMGH3 regulates the free auxin level and contributes to basal immunity of rice to the pathogen Xanthomonas oryzae pv oryzae (Ding et al. 2008) . In our study, we have studied the consequences of its regulated overexpression and down-regulation in transgenic rice plants with a view to understanding its role in panicle and floret development. The extremely poor regeneration potential of embryogenic calluses that ubiquitously overexpress OsMGH3 indicates that perturbation of auxin availability influences the reorganization of shoot meristems from calluses. In the rare event that plants do regenerate, OsMGH3 overexpression in vegetative tissues strongly inhibits growth and eliminates apical dominance in these transgenic plants to such an extent that they never make a transition to flowering. These overexpression phenotypes are similar to dominant gain-of-function phenotypes of AtGH3 mutants discussed earlier (Nakazawa et al. 2001 , Takase et al. 2004 . By employing cis-regulatory elements from two different developmentally regulated rice genes, we have achieved regulated overexpression of OsMGH3 in vegetative tissues and developing panicle branches. The expression of OsMGH3 in basal unelongated internodes of rice plants inhibits their elongation, creating dwarf plants. These auxin-deficient phenotypes observed upon its overexpression indicate the importance of controlling cellular auxin levels for normal vegetative development in rice, and perhaps account for the absence or low levels of endogenous OsMGH3 transcripts in wild-type vegetative organs. Targeted overexpression of OsMGH3 during panicle rachis establishment and during panicle branching created inflorescences with reduced length and decreased branching, reinforcing that aside from auxin transport the local bioavailability of auxin is important for proper lateral primordia establishment and their emergence to form branches. Interestingly, some defects in rice panicle elongation and branching are also seen upon overexpression of OsMADS1-an upstream regulator of OsMGH3 (Prasad et al. 2001) . Such inflorescence phenotypes also bear overall similarity to the decreased inflorescence length and branching that are seen in the semi-dominant auxin-resistant mutants of Arabidopsis, axr2 and axr3, that are members of the Aux/IAA family which are negative regulators of auxin-mediated signaling cascades (Timpte et al. 1992 , Timpte et al. 1994 , Leyser et al. 1996 , Nagpal et al. 2000 .
Our complementary analysis of down-regulation of endogenous OsMGH3 was more challenging as OsMGH3 (OsGH3-8) and other members of this family such as OsGH3.1, 3.2, 3.3, 3.4, 3.5, 3.7 and 3.11 also are expressed in rice flowers (Jain et al. 2006a) , and these gene family members may function redundantly. By targeting two different regions of OsMGH3 RNA to create hairpin RNAi constructs, we obtained varied levels of down-regulation (30-90%) and this level of downregulation of OsMGH3 expression created auxin overproduction phenotypes. The auxin overproduction phenotypes seen in YUCCA5-overexpressing Arabidopsis plants or OsYUCCA1-overexpressing rice transgenics are similar to the phenotypes we obtain on OsMGH3 down-regulation. Some of these phenotypes are elongated internodes and ectopic roots from aerial upper nodes , Yamamoto et al. 2007 ). Thus, both our overexpression and knock-down studies demonstrate OsMGH3 as an important factor in mediating auxin homeostasis.
The contribution of OsMGH3 to floret organ differentiation is clear from the defects we observe in floret fertility on OsMGH3 knock-down where we targeted a gene-specific region for RNAi. The loss of fertility in dsRNAiOsMGH3 florets is due, in part, to defects in late events of stamen differentiation, as the anther dehiscence was defective and pollen viability was also greatly reduced. Another contributory factor to sterility was derangement in carpel differentiation, as carpels of these OsMGH3 knock-down florets were overgrown and protrude out of the hull. The reasons underlying these carpel defects need to be further analyzed, but one possible speculation is that changes in auxin homeostasis decouple fruit development from fertilization. Such an abnormal elongated carpel phenotype is also seen in loss of function for Arabidopsis ARF8 (Goetz et al. 2006) . Other possibilities are that carpel phenotypes may arise from partial loss of floral meristem determinacy, a phenotype also seen on OsMADS1 down-regulation.
Analysis of the global expression profile in panicles knocked-down for OsMADS1 indicated that OsMADS1 positively regulates many components in the auxin signaling pathway (S. R. Yadav, I. Khanday and U. Vijayraghavan, unpublished data) by regulating several ARFs. These ARFs can directly regulate expression of GH3 genes, by binding to the AuxRE located in the promoter of these genes. For example, in Arabidopsis, ARF17 controls expression of GH3 genes to regulate auxin homeostasis which is probably required for development of lateral roots, hypocotyls, phyllotaxy and floral organs (Mallory et al. 2005 , Sorin et al. 2005 . In our gene expression profiling analysis, we find that six of the 12 rice genes of the GH3 family are under transcriptional regulation by OsMADS1 (S. R. Yadav, I. Khanday and U. Vijayraghavan, unpublished data), implying that OsMADS1 may also target GH3 genes to regulate auxin levels during floral organ growth and differentiation. OsMADS1 could indirectly regulate the expression of GH3 genes, by first directly regulating the expression of ARFs such as OsETTIN2 which may then control expression of GH3 genes. This hypothesis is supported by the observation that the spatial expression domain of OsMGH3 in florets completely overlaps with that of thye OsETTIN2 domain of expression (Prasad et al. 2005, S. R. Yadav, I. Khanday and U. Vijayraghavan, unpublished data) . Further supporting this hypothesis of a cascade of regulated gene expression, we have discerned that auxin-mediated transcription induction of the GUS reporter was reduced when the basal promoter of OsMGH3 did not have its AuxRE. Identifying the specific ARF which binds to the AuxRE present in the basal promoter of OsMGH3 and its regulation by OsMADS1 and OsMADS6 will provide a clear picture of how these factors regulate the expression of GH3 family genes and therefore auxin homeostasis. Taken together, our data on functional characterization of OsMGH3 and its regulation by OsMADS1 and OsMADS6 show that developmental regulators of cell fate may co-opt common cellular factor(s) to execute their role in floret organ differentiation.
Materials and Methods
Construction of a transgene to overexpress OsMGH3
To overexpress OsMGH3 ectopically in transgenic rice, a 2.2 kb full-length cDNA of OsMGH3 was PCR amplified using primers G2bFP1 and G2bRP2 and was cloned under the maize ubiquitin promoter into the expression vector, pUN (Prasad et al. 2001 ). In the rice inflorescence expression construct p1390 RFLDI1:OsMGH3, RFL cis-regulatory elements, comprising 3.0 kb sequences upstream of RFL, in addition to exon 1, exon 2, intron 2 and 40 bp of exon 3, were translationally fused with OsMGH3 by adopting three cloning steps. In the first step, the OsMGH3 coding sequence from the second codon, amplified with primers FP-SP-G2b and G2bRP2, was cloned into pCAMBIA 1390 digested with SpeI, giving the recombinant p1390 FL sp OsMGH3. Next, a 2 kb far upstream sequence of RFL was excised from the clone HURL (Prasad et al. 2003 ) and subcloned as a HindIII-BglII fragment upstream of the OsMGH3 ORF in p1390 FL sp OsMGH3, giving the clone p1390 RFL HIII-BglII:OsMGH3. The rest of the RFL cis-regulatory elements, i.e. the 1.0 kb proximal promoter, exon 1, exon 2, intron 2 and 40 bp of exon 3, were excised from pCAMBIA 1381Xb RFLDI1:GUS (Prasad et al. 2003) and were subcloned into p1390 RFLD HIII-BglII:OsMGH3 to create the final construct called p1390 RFLDI1:OsMGH3. For p1390 RFL I2B:OsMGH3, a 1.2 kb RFL intron 2 and a 544 bp RFL basal promoter were cloned upstream of OsMGH3 cDNA. To drive OsMGH3 expression in young floret meristems, 3.9 kb OsMADS1 upstream genomic sequences (R. Kartha and U. Vijayraghavan, unpublished data) were transcriptionally placed upstream of OsMGH3 cDNA in construct p1380 FL OsMGH3. The primers used and their sequences are given in Supplementary  Table S1 .
Constructs to down-regulate expression of endogenous OsMGH3
To down-regulate OsMGH3 by dsRNAi, two different regions of its mRNA were targeted. In the first construct to generate hairpin RNAs, a 170 bp gene-specific fragment comprising 144 nucleotides of the 5 0 UTR and 26 nucleotides of the OsMGH3 ORF (i.e. nucleotides À144 to +26) was cloned in pBluescript in the sense and in the antisense orientation with a 250 bp linker between the two OsMGH3 gene fragments. This insert with the OsMGH3 hairpin was then subcloned in pUN under the maize ubiquitin promoter. In the second construct, the 636 bp central region of OsMGH3 (+1,015 to +1,650) excised as a SacI fragment from a OsMGH3 cDNA clone was cloned both up-and downstream of 800 bp linker sequences in the opposite orientation to create the dsRNAiOsMGH3-m construct for ubiquitous expression of hairpin RNAs.
Tests of OsMGH3 upstream sequences for auxin inducibility by reporter assays
To analyze possible induction by auxin, 550 bp promoter sequences upstream of OsMGH3 ATG with an AuxRE and 230 bp of promoter regions without an AuxRE were amplified using primer combinations URG2FP2-URG550RP and URG2FP2-URG230RP, respectively. These amplicons were cloned into pCAMBIA1381 Xb to create p1381 Xb URG550:uidA(GUS) and p1381 Xb URG230:uidA(GUS), respectively.
Rice transformation
All constructs were mobilized to Agrobacterium tumefaciens LBA4404. Co-cultivation and plant regeneration of rice embryogenic calluses (TP309 variety) were done as described by Prasad et al. (2001) .
DNA extraction and genomic DNA PCR
Total genomic DNA was isolated from seeds or other tissues as described in Saghai Maroof et al. (1984) . Genomic DNA qPCRs were carried out to determine the transgene copy number using 30 ng of genomic DNA and primers for the hygromycin resistance gene in the transgenic T-DNA segment. qPCR using primers specific for the second exon of RFL, an endogenous single copy gene, served as a normalization control. A single insertion rice transgenic line pOs1::GUS#4 (R. Kartha and U. Vijayraghavan, unpublished data) was used as a reference control for single copy insertion. Primers used and their sequences are listed in Supplementary Table S1 .
Extraction of RNA and RT-PCR
Total RNAs from roots, leaves, SAMs, and panicles with spikelets of transgenic and control plants were isolated with Tri-reagent (Sigma) and were treated with RNase-free DNase. For semi-quantitative RT-PCRs, the first-strand cDNA was made using MMLV reverse transcriptase (USB) from 4.0 mg of total RNA in a 20 ml reaction containing the specified gene-specific reverse primer and oligo(dT) 20 . A 1 ml aliquot of the reverse transcription product was used in 26 cycles of PCR to quantitate OsMGH3, OsUBQ5 or ACT1 transcripts. For quantitative RT-PCR, 100 ng of cDNAs from 20 ml reverse transcription reactions were used in duplicate or triplicate 15 ml qPCRs with 250 nM of the gene-specific primers for OsUBQ5 and OsIAA14 in a 15 ml reaction with 1Â SYBR-green (Finzyme). From 25 to 50 ng of cDNAs were used to quantitate the level of OsMGH3 overexpression in pUbi-OsMGH3 leaves and pOsM1:OsMGH3 panicle tissues in triplicate qPCRs. 2 -ÁÁ Ct values were calculated to determine the fold change of expression as described by Yadav et al. (2007) . To quantitate hairpin loop precursor RNA levels in panicles of dsRNAiOsMGH3-5 0 transgenics, a primer specific to the NOS terminator and a reverse primer specific to the OsMGH3 antisense RNA segment were utilized ( Supplementary Fig. S3B ). The Ct values obtained were normalized to that seen for endogenous UBQ5 transcripts. For assay of auxin-induced transcription in URG230:uidA and URG550:uidA transgenic tissues, PCR was carried out with a forward primer specific to the 5 0 UTR of OsMGH3-and a uidA-specific reverse primer to detect only OsMGH3::uidA fusion transcript. Primers used and their sequences are given in Supplementary Table S1 .
Northern blot analysis
Approximately 20 mg of total RNA from mature panicles of specified plants was resolved on 1.2% formaldehyde-agarose gels in MOPS buffer and transferred onto nylon membrane. The blots were probed with a gene-specific [a-32 P]dATP-labeled antisense single-stranded DNA probe for OsMGH3. The blots were re-probed with rice ACT1 cDNA fragment for normalization control.
Light microscopy and scanning electron microscopy
Morphological features of transgenic and wild-type panicles and flowers were observed by stereo microscopy (Leica WILD M3Z). For scanning electron microscopy, panicles were dissected away from enveloping leaf sheaths, fixed in 3% glutaraldehyde followed by 1% osmium tetraoxide, dehydrated and then critical point dried. The dried panicles were mounted on to stubs and then viewed in an FEI Quanta 200.
Pollen viability analysis
To examine pollen viability, Alexander staining was used as described by Alexander (1969) . Stain mixture (1 ml) was acidified with 40 ml of glacial acetic acid just before use. Anthers were collected just after anthesis, and fixed in Ostergren and Heneen's (1962) fixative . Tissues were hydrated by transferring through an ethanol : water series (70, 50 and 30% alcohol in water), and were finally placed in water. The acidified stain was then added and tissues kept at 50 C for 30 h. The sample was mounted in 25% glycerol containing 4% chloral hydrate. The viable (pink) and non-viable (green) pollen grains were quantified by light microscopy.
Assays testing induction of gene expression by auxin
The seeds of wild-type TP309, p1381Xb URG230:uidA(GUS) and p1381Xb URG550:uidA(GUS) were germinated in 1/2 MS medium. Roots of three 15-day-old plants were incubated in KPSC buffer (10 mM potassium phosphate, pH 6.0, 2% sucrose, 50 mM chloramphenicol) for 16 h with frequent buffer changes to deplete endogenous auxins (Jain et al. 2006a) . Next, the roots were transferred to fresh KPSC either with or without (mock) 30 mM 2,4-D for 3 h. The roots were washed with autoclaved MQ water, dried and frozen in liquid nitrogen for RNA extractions as needed.
Supplementary data
Supplementary data are available at PCP online. 
